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Abstract 

Gastric cancer (GC) is a common malignancy and remains the fourth-leading cause of cancer-related 
deaths worldwide. Oncogenic potential of SDC2 has been implicated in multiple types of cancers, yet its 
role and underlying molecular mechanisms in GC remain unknown. Here, we found that SDC2 was highly 
expressed in GC and its upregulation correlated with poor prognosis in GC patients. Depletion of SDC2 
significantly suppressed the growth and invasive capability of GC cells, while overexpressing SDC2 exerts 
opposite effects. Combined bioinformatics and experimental analyses substantiated that overexpression 
of SDC2 activated the AKT signaling pathway in GC, mechanistically through the interaction between 
SDC2 and PDK1-PH domain, thereby facilitating PDK1 membrane translocation to promote AKT 
activation. Moreover, SDC2 could also function as a co-receptor for FGF2 and was profoundly involved 
in the FGF2-AKT signaling axis in GC. Lastly, we revealed a mechanism on the USP14-mediated 
stabilization of SDC2 that is likely to contribute to SDC2 upregulation in GC tissues. Furthermore, we 
showed that IU1, a potent USP14 inhibitor, decreased the abundance of SDC2 in GC cells. Our findings 
indicate that SDC2 functions as a novel GC oncogene and has potential utility as a diagnostic marker and 
therapeutic target for GC. 

Keywords: Gastric cancer, SDC2, PDK1, FGF2, USP14.  

Introduction 
Gastric cancer (GC) is one of the most common 

malignancies and remains the fourth-leading cause of 
cancer-related deaths worldwide [1, 2]. Each year, 
approximately one million patients are newly 
diagnosed with GC, and approximately seventy-eight 
thousand die from GC [1]. Although significant 
progress has been made in the surgical and 
nonsurgical treatments for GC, the long-term 
prognosis of GC patients is still far from satisfactory 
[1, 3, 4]. For many of these patients, the cancer is in 
advanced stages at their initial diagnosis, so there is a 
high rate of recurrence even after a radical treatment. 

Furthermore, due to the heterogeneity and complexity 
of GC, the efficacy of adjuvant chemo-radiotherapy 
and immunotherapy varies greatly among different 
GC patients, and development of resistance to these 
therapies inevitably culminates in death [5-7]. 
Therefore, there is an urgent need to understand the 
pathogenesis and biological mechanisms underlying 
GC progression, in order to identify key oncogenes 
that can potentially be used as early diagnostic 
markers and therapeutic targets.  

 A diverse array of signaling pathways and 
molecular determinants contribute to the progression 
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of GC. Among them, dysregulation of the PI3K-AKT 
pathway can empower tumor cell growth, invasion, 
and resistance to chemotherapy [3, 8], and thus plays 
important roles in GC progression. PDK1 is a crucial 
independent driver of the PI3K/AKT signaling 
pathway and functions as a pivotal kinase for AKT 
phosphorylation [9, 10]. PDK1 contains a lipid- 
binding, C-terminus Pleckstrin Homology (PH) 
domain and a Kinase domain at its N-terminus [10]. 
The phosphorylation of AKT by PDK1 occurs upon 
the membrane translocation of cytosolic PDK1 and 
AKT; in this process, PDK1 is bound to the cell 
membrane via its PH domain, and then its kinase 
domain phosphorylates AKT [9-11]. Moreover, 
several growth factors, including insulin-like growth 
factor 1 (IGF-1), basic fibroblast growth factor 2 
(FGF2), and epidermal growth factor (EGF), can 
greatly activate the PI3K-AKT pathway, thereby 
facilitating malignant behaviors of cancers [12-16].  

Syndecan-2 (SDC2) is a single-pass type I 
transmembrane protein that belongs to the 
four-member proteoglycan-syndecan family [17, 18]. 
Gastrointestinal cancer cells specifically present 
methylated SDC2 regardless of the clinical stage, and 
assessment of DNA-based-SDC2 methylation in stool 
samples is a useful non-invasive method for early 
detection of colorectal cancer (CRC) [19], and more 
recently for GC [20]. On the other hand, the biological 
role of SDC2 in human diseases was elusive until 
2001, when a study reported that SDC2 increased the 
migratory behavior of CRC cells [21]. Since then, 
several studies have characterized the biological 
functions of SDC2 in other tumors [22-27]. For 
example, studies of lung adenocarcinoma, lung 
fibrosarcoma, as well as cancers of pancreas and 
breast found that SDC2 promoted cell invasion, tumor 
growth, and/or immune evasion [22, 24-27]. Another 
study on osteosarcoma found that SDC2 increased 
chemotherapy-induced apoptosis [23]. SDC2 also 
functions in the pathogenesis of non-cancer diseases, 
in that it regulates angiogenesis in rheumatoid 
arthritis and modulates chondrocyte differentiation in 
osteoarthritis [28, 29]. Moreover, SDC2 is a membrane 
protein that acts as a co-receptor for specific 
heparin-binding growth factors, including vascular 
endothelial growth factor-A (VEGFA), FGF2, and 
hepatocyte growth factor (HGF) [30-32]. SDC2 
therefore mediates the downstream intracellular 
signaling pathways that are triggered by these growth 
factors. However, we know very little about the 
biological role and underlying molecular mechanisms 
of SDC2 in GC.  

In this study, we examined the oncogenic role of 
SDC2 in the progression of GC and the relationship of 
its expression with the long-term prognosis of GC 

patients. We also assessed the biological effects of 
SDC2 overexpression and depletion, its physical 
interactions with PDK1 and its involvement in 
FGF2/PI3K/AKT signaling in GC cells. Inspired by 
recent studies that reported ubiquitin-mediated 
proteolysis of key signaling proteins [33-36] and our 
finding of physical interaction between SDC2 and 
ubiquitin-specific protease 14 (USP14), we evaluated 
the effect of USP14 in regulating the abundance of 
SDC2 in GC, and assessed the possible therapeutic 
utility of IU1, a small-molecule inhibitor that increases 
the ubiquitination-mediated degradation of SDC2 by 
targeting USP14. 

Materials and Methods 
Cell lines and cell culture 

Two lines of human gastric cancer cells (AGS 
and HGC-27) were purchased from Procell Life 
Science & Technology Co., Ltd (Wuhan, China), and 
the other GC cell lines (GT38 and SNU-719) were 
purchased from Honsun Biological Technology Co., 
Ltd (Shanghai, China). AGS cells were cultured in 
Hams’ F12 medium (Shanghai BasalMedia Techno-
logies Co., Ltd.) that was supplemented with 10% 
fetal bovine serum (FBS; ExCell Bio. Jiangsu, China) 
and 1% penicillin-streptomycin (Shanghai BasalMedia 
Technologies Co., Ltd.). HGC-27, SNU719, and GT38 
cells were cultured in RPMI-1640 medium (Shanghai 
BasalMedia Technologies Co., Ltd.) that was supple-
mented with 10% FBS and 1% penicillin-streptomycin. 
All cells were cultured in a humidified incubator with 
5% carbon dioxide (Thermo Fisher Scientific, USA).  

Cell transfection 
For transient transfection experiments, FLAG- 

tagged-SDC2, HA-tagged-PDK1 recombinant cons-
tructs, HA-tagged-Ub, or USP14 was transfected into 
HEK-293T cells for 48 h. For stable transfection 
experiments, virus packaging and infection were 
performed as previously described [37]. Information 
for plasmids used in this study was present in Table 
S1. 

Migration and invasion assay 
Migration and invasion assays were performed 

using transwell chambers (Corning Inc. USA). GC 
cells were plated in the upper chamber with 200 µL of 
low serum medium (2% FBS) F12 or 1640 medium at a 
density of 30,000 to 90,000 cells per well. Then, a 
medium containing 13% FBS was added to the lower 
chamber to induce chemo-attraction. After culturing 
for 18 h, cells in the lower chamber were fixed with 
4% paraformaldehyde and stained with crystal violet. 
Five randomly-selected fields were photographed and 
counted for each treatment.  



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

3485 

Viability and proliferation assays 
The Cell Counting Kit 8 (CCK8; Dojingdo, Japan) 

was used to measure cell viability and proliferation. 
Briefly, GC cells were seeded at a density of 1200 to 
3000 cells per well in complete medium. A 
combination of 10 μL of CCK8 solution and 80 μL of 
serum-free medium was added into each well at 24 h, 
48 h, 72 h, or 96 h after seeding. Culturing was then 
performed for 1.5 h, followed by measurement of 
absorbance at 450 nm.  

Western blotting and co-immunoprecipitation 
Cells were lysed in RIPA lysis buffer (Shanghai 

Epizyme Biomedical Technology Co., Ltd, China) that 
was supplemented with a protease inhibitor cocktail 
and a phosphatase inhibitor cocktail (Bimake, USA). 
The protein concentration in the cell lysates was 
measured using the BCA protein assay kit (Solabrio 
Life Science, China). After separation and transfer of 
proteins to PVDF membranes, the membranes were 
blocked in 5% Tris-buffered bovine serum albumin 
with Tween 20 (TBST) for 1.5 h at room temperature, 
and the primary antibodies were then added (Table 
S2).  

For Co-IP experiments, cells were lysed in a 
RIPA-weak lysis buffer (1% NP-40 and 0.25% sodium 
deoxycholate) and processed with a protease and 
phosphatase inhibitor cocktail. Then, cell lysates were 
immunoprecipitated with Anti-FLAG Magnetic Beads 
(Beyotime Biotechnology, China) at 4 °C overnight. 
The precipitates were washed with lysis buffer three 
times, and the attached proteins were eluted after 
boiling in an SDS-PAGE loading buffer. 

LC-MS analysis 
HEK293T cells were transfected with a control 

plasmid or a FLAG-tagged-SDC2 plasmid. Protein 
extracts were then incubated with 80 μL of anti-FLAG 
magnetic beads (Beyotime Biotechnology, China) for 
12 h. The boiled immune-precipitated proteins were 
separated using SDS-PAGE, and different proteins 
were obtained by cutting the designated bands from 
the gel, which were then analyzed using a LC-MS 
system (Pujing Technology Co., LTD, Shanghai). 
Peptides and proteins were identified by using 
FragPipe version 1.8. 

Isolation of membrane proteins 
Plasma membrane proteins were isolated using a 

membrane and cytoplasmic protein extraction kit 
(Keygen Biotech Corp., Ltd, China). First, cells were 
suspended in 1 mL of lysis buffer that was 
supplemented with a protease and phosphatase 
inhibitor cocktail, and cells were then incubated on ice 
for 40 min, with brief vortexing every 8 min followed 

by rapid return to ice. After separation by 
centrifugation (12,000 rpm for 10 min at 4 °C), the 
supernatant was removed, and the pellet was 
resuspended in 300 μL of pre-chilled extraction buffer. 
The pellet lysate was then incubated on ice for 30 min, 
with vortexing every 6 min followed by rapid return 
to ice. After centrifugation (12,000 rpm for 10 min at 4 
°C), the supernatant (which contained plasma 
membrane proteins) was used for analysis.  

Extraction of lipid rafts 
Lipid rafts were extracted using the MinuteTM 

Plasma Membrane-Derived Lipid Raft Isolation Kit 
(Invent, USA). Cells were suspended in 500 μL of 
Buffer A that was supplemented with a protease and 
phosphatase inhibitor cocktail for 35 min, with 
vigorous vortexing every 7 min and rapid return to 
ice, according to manufacturer’s instructions. The cell 
suspension was then transferred into filter cartridges, 
which were centrifuged at 16,000 g for 30 s to disrupt 
the cell membranes. The suspension was then 
transferred into microfuge tubes and centrifuged at 
1900 g for 5 min, and the supernatants were 
transferred into fresh microfuge tubes for second 
round of centrifugation at 3000 g for 15 min. The 
pellets were then were re-suspended in 400 μL of 
pre-chilled Buffer B and incubated on ice for 40 min, 
with brief vortexing every 10 min. Then, 400 μL of 
Buffer C was added at room-temperature. The sample 
was then centrifuged at 10,000 g for 2 min at 4 °C, and 
the lipid rafts that were floating on top were used for 
experiments.  

Immunofluorescence staining 
A total of 40,000 GC cells were plated on a 

confocal dish (NEST Biotechnology Co.LTD, China) 
and cultured in a carbon dioxide incubator for 48 h. 
Then, cells were fixed in 4% paraformaldehyde, 
permeabilized in 0.5% Triton X-100, and blocked in a 
BSA buffer with 3% PBS for 1 h. The fixed cells were 
incubated with an SDC2 antibody (1:100, Santa Cruz, 
sc-365624) and a PDK1 antibody (1:200, Abcam, 
ab186870) at 4 °C overnight, and then stained with a 
secondary antibody (Jackson ImmunoResearch, USA) 
for 1 h at room temperature. The antibody-stained 
cells were examined using a fluorescence microscope 
(Leica Camera, Wetzlar, Germany). 

Enzyme-linked immunosorbent assay 
 The plasma membrane concentration of PIP3 

and the concentration of FGF2 in the cell culture 
medium were measured using an enzyme-linked 
immunosorbent assay (ELISA) according to the 
manufacturer’s protocol (Cloud-Clone, China). First, 
50 µL of a standard or sample was added to each well 
of a 96-well plate, and 50 µL of Detection Reagent A 
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was then added immediately. After incubation for 1 h 
at 37 °C, each well was washed 3 times, and then 100 
µL of Detection Reagent B was added. After an 
additional 30 min of incubation, the solution in each 
well was discarded. Then, each well was washed 5 
times and cultured with the Substrate Solution for 20 
min, followed by measurement of absorbance at 450 
nm.  

Flow cytometry  
The protein level of SDC2 in the plasma 

membrane was also measured using flow cytometry 
with an SDC2 APC-conjugated antibody (10 µL/106 
cells, R&D systems, FAB2965A).  

GC xenografts in nude mice 
All animal experiment were approved by the 

Ethics Committee of Fudan University Shanghai 
Cancer Center. First, 3 × 106 HGC-27 cells or 2.5 × 106 

SNU-719 cells were transfected with a MISSION® 
shRNA Plasmid DNA Control Vector (Sh-Control) or 
Sh-SDC2. The cells were suspended in a combination 
of 50 μL prechilled PBS and 50 μL Matrigel (Corning, 
USA), and then administered by subcutaneous 
injection into the right dorsal flank of BALB/c nude 
male mice that were 5 to 6 weeks old. Tumors were 
measured using a vernier caliper, and volume (mm3) 
was estimated as (length × width2)/2. All mice were 
sacrificed on day-27 or when the tumor volume 
reached 2000 mm3. 

Patient cohorts and clinical samples 
Clinical data were used from two patient 

cohorts. For the first cohort, data were from our 
previous study that performed whole-genome 
sequencing and transcriptome sequencing for 50 GC 
specimens obtained from patients who received 
radical gastrectomy at Sun Yat-sen University Cancer 
Center (SYSUCC Cohort) from September 2014 to 
April 2018 [38] (Table S3 and S4). For the second 
cohort, 108 clinical specimens (with paired cancerous 
and adjacent normal tissues) were obtained from GC 
patients who received gastrectomy at the Gastric 
Surgery Department, Fudan University Shanghai 
Cancer Center from March 2017 to November 2017 
(FUSCC cohort, Table S5).  

None of the patients in either cohort received 
neoadjuvant chemo-radiotherapy or immunotherapy, 
and all patients received follow-up for at least 5 years. 
These experiments were approved by the Ethics 
Committees of our institution, and written informed 
consent was provided by all patients.  

Immunohistochemistry 
Paraffin-embedded tissue samples were 

obtained from the Department of Pathology, Fudan 

University Shanghai Cancer Center. IHC analyses 
were performed for SDC2 (1:50, R&D, MAB29651), 
PDK1 (1:100, Santa Cruz, sc-17765), p-AKT (1:40, CST, 
Ser473), Ki-67(1:400, CST, 8D5), and USP14 (1:100, 
Santa Cruz, sc-398009). IHC staining scores were 
calculated as previously described [37]. 

Statistical analysis  
The results from different groups were 

compared using Student’s t-test (two groups) or a 
one-way analysis of variance (three or more groups). 
Factors influencing long-term survival were 
determined by univariate and multivariate Cox 
proportional hazards regression analysis. SPSS 
version 22.0 was used for statistical analyses. Data 
were expressed as means ± SDs, and a P value less 
than 0.05 was considered significant (*P < 0.05 and **P 
< 0.01).  

Results 
SDC2 is highly expressed in GC and its 
upregulation correlates with poor prognosis of 
GC patients 

Whole genome sequencing analysis of the 
SYSUCC cohort of GC patients (N = 50) demonstrated 
that SDC2 gene had a high frequency of mutation 
(16%). However, no significant differences have been 
observed in SDC2 expression level, long-term 
prognosis, or major clinicopathological parameters 
compared GC patients with wild type (SDC2-WT) to 
those with SDC2 mutation (SDC2-MT) (Fig. S1A and 
S1B; Table S3), suggesting that SDC2 mutation was 
likely to be a passenger event [39]. In contrast, we 
observed that the GC patients whose tumors 
expressed higher levels of SDC2 (mRNA level ＞ 8.12) 
had significantly shorter overall survival and 
recurrence-free survival compared to GC patients 
whose tumors had lower SDC2 expression (Fig. 1A). 
Consistently, the GEPIA2 cohort of GC patients with 
tumors that had high SDC2 expression indicated a 
significantly shorter OS time than those with low 
SDC2 expression (Fig. S1C) [40]. These results 
suggested that upregulation of SDC2 might contribute 
to the progression of GC.  

We next evaluated the correlation of SDC2 
mRNA level with the clinical stages in GC patients by 
analyzing two independent TCGA GC cohorts. The 
results indicated that GC patients with higher T stages 
had significantly higher expression of SDC2 
compared to those with lower T stages (Fig. 1B). 
Moreover, the GC patients with higher N stages also 
had a higher expression of SDC2 compared to those 
with low N stages and primary GC tumors without 
lymph node metastasis (Fig. S1D). These results led to 
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the hypothesis that SDC2 may have an oncogenic and 
clinically relevant role in GC.  

SDC2 is a transmembrane protein that usually 
functioned in a form of dimer or oligomer [24], and 
has a signaling peptide at the region of 1~15aa. In line 
with this, gene ontology (GO) enrichment analysis 
showed that the molecular functions of SDC2 in GC 
strongly correlated with “signaling receptors activator 
activity” and “receptor ligand activity” (Fig. 1C), 
suggesting that SDC2 might modulate cytokine- 
induced intracellular signaling pathways in GC. 

Western blotting showed that the protein levels of 
SDC2 were higher in tumor specimens than in 
matched adjacent normal tissues (Fig. 1D and 1E). 
Moreover, GC patients in the FUSCC cohort whose 
tumors had increased SDC2 IHC staining (IHC score ≥ 
7.2) had a significantly shorter postoperative survival 
time (Fig. 1F). These findings demonstrated signifi-
cant correlations of SDC2 expression with the aggres-
siveness of GC tumors and poor clinical outcomes in 
GC patients. 

 
 

 
Figure 1. Upregulation of SDC2 correlates with poor prognosis in patients with GC. A. Overall survival and recurrence free survival in patients with low levels (N = 
25) and high levels (N = 25) of SDC2 mRNA in GC tissues (SYSUCC cohort). B. SDC2 mRNA levels in specimens from two populations of patients with different T stages of 
GC (TCGA). C. Biological process (top), cellular components (middle), and molecular functions (bottom) related to SDC2 in GC (GO analysis). D. Expression of SDC2 in tumor 
tissues (T) and matched adjacent normal tissues (N) of four patients with GC (Western blotting). E. Representative images of SDC2 staining in GC tissue and adjacent normal 
tissue (Immunohistochemistry, scale bar: =100 µm). F. SDC2 expression, overall survival, and recurrence-free survival in GC patients with high expression (N = 54) and low 
expression (N = 54) of SDC2 in tumor tissues (Immunohistochemistry, FUSCC cohort). 
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Figure 2. SDC2 promotes proliferation and invasiveness of GC cells and its upregulation correlates with the activation of AKT pathway. A. Protein levels of 
SDC2 in five lines of GC cells and one line of normal gastric epithelial cells (GES-1) (Western blotting). B. Protein levels of SDC2 in three lines of GC cells after stable transfection 
with plasmids that promoted overexpression (OE-SDC2) or knockdown (shRNA) of SDC2 (Western blotting). C & D. Migration, invasion, and proliferation of three lines of GC 
cells that were transfected with different plasmids (Transwell assay, CCK8 assay. Scale bar: =100 µm). E & F. SDC2-associated signaling pathways in GC based on pathways and 
gene sets (KEGG Enrichment and Hallmark Analysis). G. Protein level of mesenchymal markers (N-cadherin, Vimentin) and p-AKT, in three lines of GC cells that were 
transfected with different SDC2 plasmids (Western blotting). 

 

SDC2 promotes proliferation and invasive 
capability of GC cells and its upregulation 
correlates with activation of the PI3K/AKT 
pathway  

Next, we investigated the functional significance 
of SDC2 in GC by examining its effect on cell growth 
and invasive ability. We first applied western blotting 
to examine the protein levels of SDC2 in five GC cell 
lines (AGS, GT38, HGC27, SNU719, and BGC803) and 
one normal gastric epithelial cell line (GES-1). 
Compared to the normal (GES-1) cells, there was 
markedly higher protein expression of SDC2 in 
HGC-27, SNU-719, and BGC-803 cells (Fig. 2A). We 
then established an AGS cell model that had 
overexpression of SDC2, and SNU-719 and HGC-27 
cell models with knockdown of SDC2 (Fig. 2B; Fig. 

S2A). SDC2 knockdown significantly inhibited cell 
invasive ability (based on the transwell assay) and 
attenuated cell proliferation (based on the CCK8 
assay); while SDC2 over-expression led to increased 
cell invasiveness and cell proliferation (Fig. 2C and 
2D; Fig. S2B).  

To explore the possible molecular mechanisms of 
SDC2 and its global correlation with potential 
signaling pathways, we applied Kyoto Encyclopedia 
of Genes and Genomes (KEGG) enrichment analysis 
[41] and a gene set enrichment analysis (GSEA) of 50 
hallmark pathways [42]. These analyses used our GC 
tumor transcriptomics data from the SYSUCC cohort, 
with stratification into groups that had high or low 
expression of SDC2. The results showed that SDC2 
upregulation correlates with activation of the PI3K/ 
AKT signaling pathway (Fig. 2E) and upregulation of 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

3489 

the EMT-related gene signature (Fig. 2F). Consis-
tently, KEGG enrichment analysis of TCGA GC gene 
profiling data also indicated that high expression of 
SDC2 was apparently associated with the PI3K/AKT 
signaling pathway (Fig. S2C). In line with the 
pathway analysis, western blotting results showed 
that SDC2 knockdown attenuated the phospho-
rylation of AKT and the expression of mesenchymal 
markers (vimentin and N-cadherin), whereas SDC2 
overexpression increased AKT phosphorylation and 
the expression of these mesenchymal markers (Fig. 
2G). These results demonstrated that SDC2 
overexpression greatly promoted the proliferation 
and invasiveness of GC cells, induced the PI3K/AKT 
signaling pathway, and increased the expression of 
genes that function in the EMT. All of these effects 
could contribute to the progression of GC.  

SDC2 promotes GC tumor growth in vivo  
We then examined the effects of SDC2 on GC 

tumor progression in vivo by establishment of tumor 
xenograft mouse models using SNU-719 and HGC-27 
cells with or without SDC2 knockdown. Measure-
ments of the temporal changes of tumors showed that 
SDC2 knockdown reduced the growth, weight, and 
volume of tumors in both xenograft mouse models 
(Fig. 3A and 3B). We then performed IHC staining to 
measure the expression of SDC2, p-AKT, and Ki67 in 
tumor samples from the xenograft models. The results 
demonstrated that SDC2 knockdown led to signi-
ficantly lower IHC scores for p-AKT and Ki67 in both 
models (Fig. 3C). The western blotting results 
confirmed that SDC2 knockdown decreased the levels 
of p-AKT, vimentin, and N-cadherin in tumors (Fig. 
3D). Altogether, these data demonstrated that 
depletion of SDC2 suppressed the growth of GC 
tumor xenografts in vivo. 

 

 
Figure 3. SDC2 promotes GC tumor growth in vivo. A & B. Morphology, weight, and average volume of subcutaneous tumors formed by two lines of GC cells that were 
transfected with different plasmids (Xenograft transplantation, N=6). C. Staining for SDC2, pAKT, and Ki67 in tumors from the two xenograft models that were transfected with 
different plasmids (Immunohistochemistry, scale bar: 50 µm). D. Protein levels of N-cadherin, vimentin, pAKT, AKT, and SDC2 in tumors from the two xenograft models that 
were transfected with different plasmids (Western blotting). 
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Figure 4. SDC2 facilitates the membrane translocation of PDK1 by interacting with its PH domain in GC cells. A & B. Association of PDK1 and FGF2 with 
SDC2 (LC/MS analysis, Co-IP assay). C. Interaction of SDC2 and PDK1 in GC cells (Co-IP assays). D & E. Interaction of SDC2 and the PH domain of PDK1 (Co-IP assays, using 
HEK293T cells; molecular docking performed by Discovery StudioTM). F. Colocalization of SDC2 and PDK1 in AGS and HGC-27 cells (Double immunofluorescent staining). G. 
Effect of SDC2 on membrane translocation of PDK1 (Western blotting of lipid raft). H, I, & J. Dependence of the oncogenic function of SDC2 on the PDK1-AKT signaling 
pathway in GC cells (CCK8 assay, Transwell assay, and Western blotting. Scale bar: =100 µm). K. A schematic diagram showing the proposed mechanism. 

 

SDC2 promotes membrane translocation of 
PDK1 by interacting with its PH domain 

We next explored the possible mechanisms 
underlying the functional roles of SDC2 in GC 
severity and tumor progression. Thus, we identified 
SDC2-associated proteins via a combined co-immu-
noprecipitation (Co-IP) and LC-MS analysis. The 
results showed that PDK1 and FGF2 were physically 

associated with SDC2 (Fig. 4A and 4B; Fig. S3A). We 
also examined the concentration of FGF2 in the 
culture medium of HEK293T cells that were 
transfected with SDC2-Flag or Flag-vector plasmids 
(Fig. S3B). The Co-IP and western blotting results 
confirmed an interaction between SDC2 and PDK1 in 
GC cells (Fig. 4C). We then examined the domain(s) of 
PDK1 that potentially bind to SDC2 by analyzing the 
interactions between SDC2 and fragmented PDK1 
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recombinant proteins using Co-IP assays. The results 
showed that the PH domain was required for SDC2 
binding (Fig. 4D). Furthermore, the molecular 
docking results from Discovery Studio™ supported 
the presence of an interaction between the PH domain 
of PDK1 and SDC2. Analysis using available 
structures in the Protein Data Bank (PDB) also 
demonstrated the protein-protein docking between 
the PH domain of PDK1 (1W1H) and the 
transmembrane domain of SDC2 (6ITH) (Fig. 4E). The 
cytoplasmic and extracellular domains of SDC2 have 
not yet been resolved based on the PDB query. Thus, 
further research is needed to analyze the tertiary 
structure of the entire SDC2 protein and the nature of 
its interaction with PDK1.  

Because SDC2 is a membrane protein, we next 
investigated whether the interaction between PDK1 
and SDC2 could affect the membrane location of 
PDK1. Immunofluorescence assays confirmed a 
co-localization of PDK1 and SDC2 in the plasma 
membrane and cytosol of AGS and HGC-27 cells (Fig. 
4F). In addition, western blotting analysis of lipid rafts 
(Fig. 4G) and membrane proteins (Fig. S3C) 
demonstrated that overexpression of SDC2 promoted 

the membrane translocation of PDK1, while SDC2 
knockdown attenuated this effect.  

Previous studies established that PDK1 plays a 
vital role in activation of the AKT pathway and the 
phosphorylation of AKT, and that PDK1 knockdown 
inhibited the PDK1-AKT signaling pathway, whereas 
PDK1 upregulation significantly promoted this 
pathway [9, 10]. We thus evaluated the effect of the 
AKT pathway in modulating the oncogenic functions 
of SDC2 in GC cells. The results of the transwell and 
CCK8 assays demonstrated that suppressing the 
PDK1-AKT pathway significantly reversed the 
oncogenic effects of SDC2-overexpression in AGS 
cells. SDC2 knockdown in SNU-719 cells suppressed 
cell growth and migration, but upregulation of the 
PDK1-AKT pathway reversed this effect (Fig. 4H and 
4I). These results were consistent with the western 
blotting results (Fig. 4J) and with our interpretation 
that the oncogenic effect of SDC2 depends on the 
PDK1-AKT pathway. Taken together, these results 
suggested that SDC2 activates the AKT pathway by 
facilitating the membrane translocation of PDK1, 
whose PH domain interacts with SDC2 (Fig. 4K). 

 

 
Figure 5. High expression of SDC2 and PDK1 predicts poor postoperative survival of GC patients. A. Representative GC tissues of four patients with different 
levels of SDC2 and PDK1 expression (1: SDC2HighPDK1High, 2: SDC2LowPDK1High, 3: SDC2HighPDK1Low, 4: SDC2LowPDK1Low) (Immunohistochemistry, scale bar: 100 µm). B. 
Overall survival, and recurrence-free survival of GC patients in the high PDK1 group (N = 70) and the low PDK1 group (N = 38) (Immunohistochemistry, FUSCC cohort). C. 
Overall survival and recurrence-free survival of GC patients who had high SDC2 expression or low SDC2 expression and were in the high PDK1 group (top, N = 70) or the low 
PDK1 group (bottom, N = 38) (FUSCC cohort). D. Univariate and multivariate Cox regression analysis of factors associated with post-operative survival time in patients with 
GC (FUSCC cohort). 
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High expression of SDC2 and PDK1 is 
associated with shorter postoperative survival 
of GC patients 

Our results demonstrated that the upregulation 
of SDC2 correlated with GC severity and progression, 
and our investigation of the underlying mechanism 
showed that AKT pathway activation via a physical 
interaction with PDK1 played an important role in 
this process. It has been proven that PDK1 functions 
as an oncogene in GC [43]. We thus investigated 
whether high expression of SDC2 and PDK1 indicates 
any synergistic oncological outcomes in GC patients. 
We hence performed IHC examination of SDC2 and 
PDK1 in our FUSCC in-house cohort, with 
classification of these patients into four different 
groups according to SDC2 and PDK1 expression: 
SDC2HighPDK1High, SDC2LowPDK1High, SDC2High-
PDK1Low, and SDC2LowPDK1Low GC tissues (Fig. 5A). 
GC patients with high expression of PDK1 (IHC score 
> 6) had significantly shorter OS and RFS than those 
with low expression (Fig. 5B). Thus, we divided these 
GC patients into PDK1High and PDK1Low subgroups. 
Kaplan-Meier analysis indicated that the 
SDC2LowPDK1High group had a significantly longer OS 
and RFS than the SDC2HighPDK1High group; in 
contrast, the SDC2HighPDK1Low group and the 
SDC2LowPDK1Low group had similar OS and RFS (Fig. 
5C). These results support our findings as described 
above that the oncogenic effects of SDC2 in GC largely 
rely on PDK1. Furthermore, our univariable and 
multivariable Cox regression analysis of the FUSCC 
cohort showed that the status of SDC2HighPDK1High 
was an independent prognostic factor for poor 
postoperative survival time (Fig. 5D). 

SDC2 is involved in the FGF2-AKT signaling 
axis in GC cells 

Previous studies demonstrated that SDC2 can 
function as a co-receptor for FGF2 (a heparin-binding 
growth factor), thus modulating its downstream 
signaling [31, 32, 44, 45]. There is also evidence that 
SDC2 interacts with FGFR1, FGFR2, and/or FGFR3, 
the main receptors for FGF2 [45-48]. Together with the 
known role of FGF2 in the induction of the 
downstream PI3K-AKT signaling pathway [49-51] 
and inspired by our protein interaction analysis which 
revealed an interaction between FGF2 and SDC2 (Fig. 
4A and 4B) and the SDC2-PDK1-mediated activation 
of the AKT pathway, we speculated whether SDC2 is 
also involved in the FGF2-AKT signaling axis in GC. 
To understand the biological effects induced by 
FGF2-SDC2 binding in GC cells, we added exogenous 
human FGF2 at a final concentration of 20 ng/mL or 
100 ng/mL into the culture medium. In these 
experiments, cells were starved in low serum medium 

(2% FBS) overnight and then stimulated by FGF2 for 
30 min as described in previous studies [9, 49]. Our 
pilot experiment demonstrated that 100 ng/mL was 
an effective dose, and that SDC2 knockdown 
impaired the FGF2-induced phosphorylation of AKT 
in GC cells (Fig. S4A).  

When we performed similar experiments to 
examine the response to IGF1, the results showed that 
SDC2 had a much weaker influence in regulating the 
IGF1-AKT signaling axis in GC cells (Fig. S4B). 
Western blotting results showed that FGF2 
stimulation upregulated the AKT pathway in GC cells 
(Fig. 6A) by increasing the membrane translocation of 
both PDK1 and AKT (Fig. 6B), and that knockdown of 
SDC2 impaired this effect. We next investigated how 
FGF2-SDC2 binding regulated the progression of GC. 
We therefore applied Copanlisib (a pan-PI3K 
inhibitor) to suppress PI3K-AKT signaling in cells. We 
first cultured HGC27 and SNU719 GC cells in 
different concentrations of copanlisib for 48 h to 
determine the most appropriate drug concentration 
for subsequent experiments (Fig. S4C). The results 
showed that FGF2-SDC2 binding increased the 
growth rate of GC cells, and this effect largely 
depended on the regulation of the PI3K-AKT 
signaling pathway (Fig. 6C). Collectively, these 
results indicated that FGF2-SDC2 binding promoted 
AKT phosphorylation by regulating canonical 
PI3K-AKT signaling. Because PI3K activation by 
cytokine receptors is very complicated, involving the 
regulation of two subunits and several variants [52, 
53], we assessed the effect of PI3K kinase by 
measuring the PIP3 concentration in plasma 
membranes using ELISA, as described previously 
[54]. The results showed that FGF2 stimulation clearly 
increased the PIP3 concentration in plasma 
membranes, and that SDC2 knockdown impaired this 
effect (Fig. 6D). Based on these results, we developed 
a mechanistic model that shows how SDC2 modulates 
the FGF2-AKT signaling axis in GC (Fig. 6E).  

USP14 stabilizes SDC2 through reducing its 
ubiquitin-mediated degradation in GC cells  

We next examined the possible mechanisms 
responsible for the high abundance of SDC2 in GC, 
and hypothesized whether this involves the ubiquitin- 
mediated regulation. Thus, we treated GC cells with 
different inhibitors of ubiquitin: MG132 (which 
inhibits the proteasomal degradation) and chloro-
quine (CQ, which inhibits the lysosomal degradation). 
The western blotting results showed that the ubiquitin 
(Ub)-mediated degradation of SDC2 was largely 
proteasome-dependent, in that CQ had little effect but 
MG132 led to an increased level of SDC2 (Fig. 7A). 
Our LC-MS analysis identified two de-ubiquitinases 
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that were likely to affect SDC2: Ubiquitin Specific 
Peptidase 14 (USP14) and Lys-63-specific de-ubiqui-
tinase (BRCC36) (Fig. 7B and Fig. S5). BRCC36 
functions by stabilizing its substrate through 
antagonizing the K63 Ub-selective autophagy-lyso-
some pathway [55]. Our results shows that inhibition 
of this pathway had little effect on SDC2 stability (Fig. 
7A). We thus focused on the role of USP14 in 
maintaining the abundance of SDC2.  

The Co-IP experiments verified an interaction of 
SDC2 with USP14 in HEK293T cells and AGS cells 
(Fig. 7C and 7D). Inhibition of USP14 by IU1 clearly 
decreased the protein level of SDC2 in SNU719 and 
HGC27 cells (Fig. 7E). We then manipulated the 
expression of USP14 using different plasmids and 
examined the abundance of SDC2 in both membrane 

protein and total protein. Western blotting revealed 
that knockdown of USP14 significantly decreased the 
protein level of SDC2, whereas overexpression of 
USP14 apparently increased the protein level of SDC2 
in GC cells (Fig. 7F). The results of ubiquitination 
assays indicated that ectopic expression of USP14 
significantly decreased the ubiquitination of SDC2, 
and that IU1 treatment reversed this effect (Fig. 7G). 
To thoroughly examine the role of USP14 in SDC2 
protein, we performed a cycloheximide chase assay 
and found that overexpression of USP14 markedly 
prolonged the half-time of SDC2 protein, while 
silencing of USP14 exerted an opposite effect (Fig. 
7H). These results demonstrate that USP14 stabilizes 
SDC2, and therefore might contribute to the 
progression of GC. Consistent with this hypothesis, 

 
Figure 6. SDC2 is involved in the FGF2-AKT signaling axis in GC cells. A&B. Effect of FGF2 stimulation and SDC2 on the PI3K/AKT signaling pathway in two lines of 
GC cells (Western blotting). C. Effect of the FGF2-SDC2 binding on cell viability, and reversal of this effect by copanlisib in two lines of GC cells (CCK8 assay). D. Concentration 
of PIP3 in the plasma membrane in two lines of GC cells that received different treatments (ELISA). E. A schematic diagram showing the proposed mechanism.  
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we found that the USP14 mRNA levels were 
significantly higher in cancerous tissues than adjacent 
normal tissues in two independent cohorts of GC 
patients (Fig. 7I). IHC staining of USP14 in our 
FUSCC cohort showed that the IHC score was 
significantly higher in carcinoma tissues than normal 

tissues, and the expression of SDC2 was significantly 
higher in the High-USP14 group (IHC score > 4) than 
the Low-USP14 group of GC tumor specimens (Fig. 7J 
and 7K). Altogether, these results suggest a 
mechanism in which USP14. 

 
 

 
Figure 7. USP14 stabilizes SDC2 by decreasing its ubiquitin-mediated degradation in GC cells. A. Effect of two ubiquitin inhibitors (MG132 and chloroquine [CQ]) 
on the protein level of SDC2 in two lines of GC cells (Western blotting). B. USP14 and BRCC36 were probably associated with SDC2 (LC/MS). C & D. Interaction of SDC2 and 
USP14 in HEK 293T cells and AGS GC cells (Co-IP assay). E. Effect of IU1 on the level of SDC2 and USP14 in two lines of GC cells (Western blotting). F. Effect of transfection 
with different USP14 plasmids on the level of SDC2 in three lines of GC cells (Western blotting). G. Effect of transfection with different USP14 plasmids and treatment with 
IU1(24 h) on ubiquitination of SDC2. H. GC cells transfected with different USP14 plasmids were treated with CHX (0.1 mg/mL) for the indicated time. I. Levels of USP14 mRNA 
in GC tissues and adjacent normal tissues in two patient cohorts (TCGA, GEO-GSE). J. USP14 expression in GC tissues (N=78) and normal tissues (N=78) 
(Immunohistochemistry, Cases No. 31-108, FUSCC cohort, scale bar: 100 µm). K. SDC2 expression in GC tissues of the USP14Low group (N=22) and the USP14High group 
(N=56).  
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Figure 8. Working model: SDC2 promotes gastric cancer progression through co-option of PDK1 and modulating the FGF2-AKT signaling axis. USP14 deubiquitinates and 
stabilizes SDC2, while IU1 treatment decreases the abundance of SDC2 through targeting USP14. 

 

Discussion 
The core protein of SDC2 consists of an 

extracellular domain to which several heparin sulfate 
(HS) chains are attached, a transmembrane (TM) 
domain, and a cytoplasmic domain (CD) which is 
composed of two conservative regions (C1 and C2) 
and one variable region [17]. The HS chains of SDC2 
consists of repeating disaccharide units of N-acetyl-
glucosamine and D-glucuronic/iduronic acid [18, 56], 
and the sulfation modification of HS chains allow 
them to interact with specific growth factors [56]. 
Furthermore, different SDC proteins can have a 
unique TM domain [17]. The TM and the CD of SDC2 
can interact with a wide range of proteins, resulting in 
a diversity of biological functions in various cells [17, 
56]. Previous studies have described several signaling 
pathways related to the oncogenic effects of SDC2 in 
multiple types of tumors. For example, SDC2 
contributed to the malignancy of pancreatic cancer 
cells by regulating the K-ras/MAPK pathway [24], 
and enhanced the invasiveness of lung adenocarci-
noma by upregulating the NF- κB signaling pathway 
[27]. In squamous cell carcinoma, high expression of 

SDC2 was correlated with the activation of the AKT 
pathway, but the underlying molecular mechanisms 
remained unknown [57]. Our study is the first to show 
that SDC2 functions as a potent oncogene in GC, in 
that it increases GC malignancy by enhancing 
PI3K/AKT signaling.  

The results of our Co-IP assays and LC-MS 
analysis led to identification of a protein-protein 
interaction between SDC2 and PDK1. PIP3 is a 
well-established membrane anchor for PDK1 [11]. 
Moreover, it has been demonstrated that some other 
membrane proteins, such as AMIGO2, can also 
facilitate the membrane localization of PDK1, thereby 
modulating downstream signaling pathways [58-61]. 
Park et al. demonstrated that AMIGO2 can enhance 
PI3K/AKT pathway through recruiting PDK1 to the 
plasma membrane via the formation of an AMIGO2- 
PIP3-PDK1 complex [58]. The results of our Co-IP and 
molecular docking analyses indicated that SDC2 
could directly bind with the PH domain of PDK1, 
thereby promoting the membrane translocation of 
PDK1. But the detailed structural mechanisms 
underlying the protein-protein interaction between 
SDC2 and PDK1-PH domain require more research.  



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

3496 

Another important finding in our study is that 
SDC2 also interacts directly with FGF2, and this also 
regulates the PI3K-AKT axis in GC cells. Several 
possible mechanisms may be responsible for this 
effect. First, SDC2 could protect and concentrate FGF2 
on the membrane surface using its HS chains [18, 45]. 
Second, the HS chains of SDC2 might promote the 
dimerization of FGF2, thus facilitating its presentation 
to its receptors [47]. Third, SDC2 might interact with 
the high-affinity receptors of FGF2, including FGFR1, 
FGFR2, and/or FGFR3, and thereby increase their 
affinity for FGF2 [17, 46, 48, 62]. Our experimental 
results indicated that the binding of FGF2 with SDC2 
enhanced the activation of PI3K, resulting in an 
increased plasma membrane level of PIP3 (the direct 
product of PI3K), which then functioned as the 
membrane anchor for PDK1 and AKT.  

Ub-mediated regulation of key oncogenes plays 
an important role in tumor progression, and many 
recent studies examined ubiquitination as a potential 
target in cancer therapies [33, 34, 63, 64]. Carvallo et 
al. found that SDC4 (in the same family as SDC2) was 
degraded in a proteasome-dependent manner [65]. 
SDC2 has 3 predicted ubiquitination sites (lysine 185, 
193, and 197) according to The Protein Lysine 
Modification Database. In future studies, we plan to 
identify the specific role of each site in the ubiquitin- 
mediated degradation of SDC2. USP14 is an 
important de-ubiquitinase, in that it protects various 
cytoplasmic and membrane proteins from ubiquitin- 
mediated degradation [35, 64, 66, 67]. USP14 has two 
domains, a ubiquitin-like domain at its N-terminus 
and a catalytic domain that contains three active sites 
(C114, H435, and D451) at its C-terminus [35, 67]. 
USP14 antagonizes E3 ligases and stabilizes its 
substrates, thereby preventing proteasomal degrada-
tion through removal of the attached ubiquitin chains 
[67]. Our LC-MS analysis indicated that several E3 
ligases, including RNF168, RING2, and TRIM25, may 
be associated with SDC2. USP14 antagonized 
RNF168-dependent proteasomal degradation [68], but 
its effect on other E3 ligases requires further 
investigation. Considering the pathogenic effects of 
USP14 in cancer and other diseases, several studies 
have described the development of small molecule 
inhibitors (SMI) that target USP14 [69-71]. For 
example, IU1 binds to the catalytic region of USP14 
and is one of the most effective SMIs for suppression 
of USP14 activity [71]. Lv et al. showed that IU1 
decreased the protein level of HIF1-α, a USP14- 
mediated oncogene that functions in hepatocellular 
carcinoma [70]. Likewise, our results demonstrated 
that addition of IU1 to GC cells for 24 h significantly 
reduced the abundance of SDC2. Thus, modulation of 
protein degradation by targeting the ubiquitin- 

proteasome pathway is a strategy that has potential 
for the indirect targeting of oncogenes that are 
difficult to directly target using conventional 
methods. 

In conclusion, our study revealed that SDC2 
functioned as a potent oncogene in GC, in that it 
promoted GC cell growth and invasiveness by 
upregulating the PI3K-AKT signaling pathway. Our 
investigation of the mechanism indicated that SDC2 
interacted with the PH domain of PDK1, thereby 
facilitating its membrane translocation and upregu-
lation of the AKT pathway. Moreover, as an effective 
co-receptor for FGF2, SDC2 enhanced the FGF2-AKT 
signaling axis in GC cells. Because USP14 deubiqui-
tinated and stabilized SDC2 in GC, this suggests the 
feasibility of a therapeutic strategy that decreases the 
abundance of SDC2 by using USP14-specific 
inhibitors, such as IU1. 

 However, this study still had several limitations. 
Firstly, in addition to the USP14-mediated stabili-
zation of SDC2 at the protein level, we cannot rule out 
the possibility that the aberrant transcriptional 
activation mechanism led to increased SDC2 expres-
sion and thus protein translation, which warrants 
further investigations. Secondly, the details of the 
protein structure of SDC2’s cytoplasmic domain have 
not yet been resolved, so we were unable to evaluate 
the precise nature of the protein-protein docking 
between the entire SDC2 protein and the PH domain 
of PDK1. Thirdly, we did not directly demonstrate the 
activation of PI3K kinase using western blotting; 
instead, we used ELISA to measure PIP3 membrane 
concentration to assess the state of PI3K. Membrane 
proteins, particularly those that oligomerize in lipid 
rafts, have shown some resistance to detergents [72]. 
Therefore, we opted to use membrane proteins or 
lipid rafts instead of cell lysates for western blotting 
measurements of SDC2. 

Abbreviations 
GC: Gastric cancer; SDC2: Syndecan 2; PDK1: 

3-Phosphoinositide dependent protein kinase 1; AKT: 
Protein kinase B; PH domain: Pleckstrin-homology 
domain; TM domain: Transmembrane domain; FGF2: 
Fibroblast growth factor 2; PIP3: Phosphatidylinositol 
trisphosphate; Ub: Ubiquitin; USP14: Ubiquitin 
specific peptidase 14; GO: Gene Ontology; TCGA: The 
Cancer Genome Atlas; GEO: Gene Expression 
Omnibus; KEGG: Kyoto Encyclopedia of Genes and 
Genomes; Elisa: Enzyme-linked Immunosorbent 
assay; EMT: Epithelial-mesenchymal transition; OS: 
Overall survival; RFS: Recurrence-free survival. 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

3497 

Supplementary Material 
Supplementary figures and tables.  
https://www.ijbs.com/v19p3483s1.pdf 

Acknowledgments 
We express our gratitude to Dr. Ziyu Chen, 

David Solit Laboratory at Memorial Sloan Kettering 
Cancer Center, USA, and Dr. Meikun Shen, Depart-
ment of Chemistry and Biochemistry, University of 
Oregon, USA, for their very detailed and useful 
suggestions on our research project. This study was 
also supported by the Medical Science Data Center of 
Fudan University. 

Funding 
Clinical Research Plan of SHDC (No. 

SHDC2020CR4048) and the National Natural Science 
Foundation of China (82073082). 

Ethics statement 
Informed consent forms were signed by all 

patients enrolled in this study, and the study was 
approved by the ethics committee of Fudan 
University Shanghai Cancer Center (Shanghai, 
China). 

Author contributions  
Li You, Gong-Hong Wei, and Dazhi Xu: 

designed the research.  
Li You, Yi Dou and Yu Zhang: performed the 

experiments.  
Hong Lv: assessed the immunohistochemical 

scores. 
Hongwei Xiao: performed the molecular docking 

between SDC2 and PDK1.  
Li You, Yi Dou and Yu Zhang: analyzed data and 

wrote the manuscript.  
Gong-Hong Wei and Dazhi Xu: supervised the 

process of this study and revised manuscript. 
All authors read and approved the final 

manuscript. 

Consent for publication 
All author consent to publication. 

Data availability  
Publicly available data can be found in the 

TCGA and GEO databases. Our dataset used in 
current study is available from the corresponding 
authors upon reasonable requests. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Thrift AP, El-Serag HB. Burden of Gastric Cancer. Clin Gastroenterol Hepatol. 

2020; 18: 534-42. 
2. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. 

Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and 
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin. 2021; 
71: 209-49. 

3. Fattahi S, Amjadi-Moheb F, Tabaripour R, Ashrafi GH, Akhavan-Niaki H. 
PI3K/AKT/mTOR signaling in gastric cancer: Epigenetics and beyond. Life 
Sci. 2020; 262: 118513. 

4. Hu HT, Ma FH, Xiong JP, Li Y, Jin P, Liu H, et al. Laparoscopic vs open total 
gastrectomy for advanced gastric cancer following neoadjuvant therapy: A 
propensity score matching analysis. World J Gastrointest Surg. 2022; 14: 
161-73. 

5. Guggenheim DE, Shah MA. Gastric cancer epidemiology and risk factors. J 
Surg Oncol. 2013; 107: 230-6. 

6. Meric-Bernstam F, Johnson AM, Dumbrava EEI, Raghav K, Balaji K, Bhatt M, 
et al. Advances in HER2-Targeted Therapy: Novel Agents and Opportunities 
Beyond Breast and Gastric Cancer. Clin Cancer Res. 2019; 25: 2033-41. 

7. Zeng D, Wu J, Luo H, Li Y, Xiao J, Peng J, et al. Tumor microenvironment 
evaluation promotes precise checkpoint immunotherapy of advanced gastric 
cancer. J Immunother Cancer. 2021; 9. 

8. Li Y, Li XY, Li LX, Zhou RC, Sikong Y, Gu X, et al. S100A10 Accelerates 
Aerobic Glycolysis and Malignant Growth by Activating mTOR-Signaling 
Pathway in Gastric Cancer. Front Cell Dev Biol. 2020; 8: 559486. 

9. Jiang Q, Zhang X, Dai X, Han S, Wu X, Wang L, et al. S6K1-mediated 
phosphorylation of PDK1 impairs AKT kinase activity and oncogenic 
functions. Nat Commun. 2022; 13: 1548. 

10. Gagliardi PA, Puliafito A, Primo L. PDK1: At the crossroad of cancer signaling 
pathways. Semin Cancer Biol. 2018; 48: 27-35. 

11. Levina A, Fleming KD, Burke JE, Leonard TA. Activation of the essential 
kinase PDK1 by phosphoinositide-driven trans-autophosphorylation. Nat 
Commun. 2022; 13: 1874. 

12. Yang B, Li L, Tong G, Zeng Z, Tan J, Su Z, et al. Circular RNA circ_001422 
promotes the progression and metastasis of osteosarcoma via the 
miR-195-5p/FGF2/PI3K/Akt axis. J Exp Clin Cancer Res. 2021; 40: 235. 

13. Xiao L, Gong LL, Yuan D, Deng M, Zeng XM, Chen LL, et al. Protein 
phosphatase-1 regulates Akt1 signal transduction pathway to control gene 
expression, cell survival and differentiation. Cell Death Differ. 2010; 17: 
1448-62. 

14. Zheng Y, Wu C, Yang J, Zhao Y, Jia H, Xue M, et al. Insulin-like growth factor 
1-induced enolase 2 deacetylation by HDAC3 promotes metastasis of 
pancreatic cancer. Signal Transduct Target Ther. 2020; 5: 53. 

15. Huang F, Gao T, Wang W, Wang L, Xie Y, Tai C, et al. Engineered basic 
fibroblast growth factor-overexpressing human umbilical cord-derived 
mesenchymal stem cells improve the proliferation and neuronal 
differentiation of endogenous neural stem cells and functional recovery of 
spinal cord injury by activating the PI3K-Akt-GSK-3beta signaling pathway. 
Stem Cell Res Ther. 2021; 12: 468. 

16. Chen PH, Bendris N, Hsiao YJ, Reis CR, Mettlen M, Chen HY, et al. Crosstalk 
between CLCb/Dyn1-Mediated Adaptive Clathrin-Mediated Endocytosis and 
Epidermal Growth Factor Receptor Signaling Increases Metastasis. Dev Cell. 
2017; 40: 278-88 e5. 

17. Couchman JR. Syndecans: proteoglycan regulators of cell-surface 
microdomains? Nat Rev Mol Cell Biol. 2003; 4: 926-37. 

18. Mytilinaiou M, Nikitovic D, Berdiaki A, Kostouras A, Papoutsidakis A, 
Tsatsakis AM, et al. Emerging roles of syndecan 2 in epithelial and 
mesenchymal cancer progression. IUBMB Life. 2017; 69: 824-33. 

19. Han YD, Oh TJ, Chung TH, Jang HW, Kim YN, An S, et al. Early detection of 
colorectal cancer based on presence of methylated syndecan-2 (SDC2) in stool 
DNA. Clin Epigenetics. 2019; 11: 51. 

20. Ma L, Gong J, Zhao M, Kong X, Gao P, Jiang Y, et al. A Novel Stool 
Methylation Test for the Non-Invasive Screening of Gastric and Colorectal 
Cancer. Front Oncol. 2022; 12: 860701. 

21. Contreras HR, Fabre M, Granes F, Casaroli-Marano R, Rocamora N, Herreros 
AG, et al. Syndecan-2 expression in colorectal cancer-derived HT-29 M6 
epithelial cells induces a migratory phenotype. Biochem Biophys Res 
Commun. 2001; 286: 742-51. 

22. Park H, Han I, Kwon HJ, Oh ES. Focal adhesion kinase regulates 
syndecan-2-mediated tumorigenic activity of HT1080 fibrosarcoma cells. 
Cancer Res. 2005; 65: 9899-905. 

23. Orosco A, Fromigue O, Bazille C, Entz-Werle N, Levillain P, Marie PJ, et al. 
Syndecan-2 affects the basal and chemotherapy-induced apoptosis in 
osteosarcoma. Cancer Res. 2007; 67: 3708-15. 

24. De Oliveira T, Abiatari I, Raulefs S, Sauliunaite D, Erkan M, Kong B, et al. 
Syndecan-2 promotes perineural invasion and cooperates with K-ras to induce 
an invasive pancreatic cancer cell phenotype. Mol Cancer. 2012; 11: 19. 

25. Lim HC, Multhaupt HA, Couchman JR. Cell surface heparan sulfate 
proteoglycans control adhesion and invasion of breast carcinoma cells. Mol 
Cancer. 2015; 14: 15. 

26. Loftus PG, Watson L, Deedigan LM, Camarillo-Retamosa E, Dwyer RM, 
O'Flynn L, et al. Targeting stromal cell Syndecan-2 reduces breast tumour 
growth, metastasis and limits immune evasion. Int J Cancer. 2021; 148: 
1245-59. 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

3498 

27. Tsoyi K, Osorio JC, Chu SG, Fernandez IE, De Frias SP, Sholl L, et al. Lung 
Adenocarcinoma Syndecan-2 Potentiates Cell Invasiveness. Am J Respir Cell 
Mol Biol. 2019; 60: 659-66. 

28. Bertrand J, Stange R, Hidding H, Echtermeyer F, Nalesso G, Godmann L, et al. 
Syndecan 4 supports bone fracture repair, but not fetal skeletal development, 
in mice. Arthritis Rheum. 2013; 65: 743-52. 

29. Manon-Jensen T, Itoh Y, Couchman JR. Proteoglycans in health and disease: 
the multiple roles of syndecan shedding. FEBS J. 2010; 277: 3876-89. 

30. Corti F, Wang Y, Rhodes JM, Atri D, Archer-Hartmann S, Zhang J, et al. 
N-terminal syndecan-2 domain selectively enhances 6-O heparan sulfate 
chains sulfation and promotes VEGFA165-dependent neovascularization. Nat 
Commun. 2019; 10: 1562. 

31. Teplyuk NM, Haupt LM, Ling L, Dombrowski C, Mun FK, Nathan SS, et al. 
The osteogenic transcription factor Runx2 regulates components of the 
fibroblast growth factor/proteoglycan signaling axis in osteoblasts. J Cell 
Biochem. 2009; 107: 144-54. 

32. Do MK, Shimizu N, Suzuki T, Ohtsubo H, Mizunoya W, Nakamura M, et al. 
Transmembrane proteoglycans syndecan-2, 4, receptor candidates for the 
impact of HGF and FGF2 on semaphorin 3A expression in early-differentiated 
myoblasts. Physiol Rep. 2015; 3. 

33. Niu M, Xu J, Liu Y, Li Y, He T, Ding L, et al. FBXL2 counteracts Grp94 to 
destabilize EGFR and inhibit EGFR-driven NSCLC growth. Nat Commun. 
2021; 12: 5919. 

34. Fang Y, Shen ZY, Zhan YZ, Feng XC, Chen KL, Li YS, et al. CD36 inhibits 
beta-catenin/c-myc-mediated glycolysis through ubiquitination of GPC4 to 
repress colorectal tumorigenesis. Nat Commun. 2019; 10: 3981. 

35. Shi D, Wu X, Jian Y, Wang J, Huang C, Mo S, et al. USP14 promotes 
tryptophan metabolism and immune suppression by stabilizing IDO1 in 
colorectal cancer. Nat Commun. 2022; 13: 5644. 

36. Zhao C, Gong J, Bai Y, Yin T, Zhou M, Pan S, et al. A self-amplifying 
USP14-TAZ loop drives the progression and liver metastasis of pancreatic 
ductal adenocarcinoma. Cell Death Differ. 2022. 

37. Xu D, Li CF, Zhang X, Gong Z, Chan CH, Lee SW, et al. 
Skp2-macroH2A1-CDK8 axis orchestrates G2/M transition and 
tumorigenesis. Nat Commun. 2015; 6: 6641. 

38. Huang B, Li Q, Geng Q, Lao J, Guo J, Huang S, et al. ASTE1 frameshift 
mutation triggers the immune response in Epstein-Barr virus-associated 
gastric cancer. Signal Transduct Target Ther. 2022; 7: 4. 

39. Stratton MR, Campbell PJ, Futreal PA. The cancer genome. Nature. 2009; 458: 
719-24. 

40. Tang Z, Kang B, Li C, Chen T, Zhang Z. GEPIA2: an enhanced web server for 
large-scale expression profiling and interactive analysis. Nucleic Acids Res. 
2019; 47: W556-W60. 

41. Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes. 
Nucleic Acids Res. 2000; 28: 27-30. 

42. Liberzon A, Birger C, Thorvaldsdottir H, Ghandi M, Mesirov JP, Tamayo P. 
The Molecular Signatures Database (MSigDB) hallmark gene set collection. 
Cell Syst. 2015; 1: 417-25. 

43. Lin JX, Xie XS, Weng XF, Qiu SL, Yoon C, Lian NZ, et al. UFM1 suppresses 
invasive activities of gastric cancer cells by attenuating the expres7sion of 
PDK1 through PI3K/AKT signaling. J Exp Clin Cancer Res. 2019; 38: 410. 

44. Arrington CB, Peterson AG, Yost HJ. Sdc2 and Tbx16 regulate Fgf2-dependent 
epithelial cell morphogenesis in the ciliated organ of asymmetry. 
Development. 2013; 140: 4102-9. 

45. Mansouri R, Hay E, Marie PJ, Modrowski D. Role of syndecan-2 in osteoblast 
biology and pathology. Bonekey Rep. 2015; 4: 666. 

46. Huttlin EL, Bruckner RJ, Navarrete-Perea J, Cannon JR, Baltier K, Gebreab F, et 
al. Dual proteome-scale networks reveal cell-specific remodeling of the human 
interactome. Cell. 2021; 184: 3022-40 e28. 

47. Matsuo I, Kimura-Yoshida C. Extracellular modulation of Fibroblast Growth 
Factor signaling through heparan sulfate proteoglycans in mammalian 
development. Curr Opin Genet Dev. 2013; 23: 399-407. 

48. Leadbeater WE, Gonzalez AM, Logaras N, Berry M, Turnbull JE, Logan A. 
Intracellular trafficking in neurones and glia of fibroblast growth factor-2, 
fibroblast growth factor receptor 1 and heparan sulphate proteoglycans in the 
injured adult rat cerebral cortex. J Neurochem. 2006; 96: 1189-200. 

49. De Bacco F, Orzan F, Erriquez J, Casanova E, Barault L, Albano R, et al. ERBB3 
overexpression due to miR-205 inactivation confers sensitivity to FGF, 
metabolic activation, and liability to ERBB3 targeting in glioblastoma. Cell 
Rep. 2021; 36: 109455. 

50. Tian C, Li Y, Wang L, Si J, Zheng Y, Kang J, et al. Blockade of FGF2/FGFR2 
partially overcomes bone marrow mesenchymal stromal cells mediated 
progression of T-cell acute lymphoblastic leukaemia. Cell Death Dis. 2022; 13: 
922. 

51. Sheta M, Hassan G, Afify SM, Monzur S, Kumon K, Abu Quora HA, et al. 
Chronic exposure to FGF2 converts iPSCs into cancer stem cells with an 
enhanced integrin/focal adhesion/PI3K/AKT axis. Cancer Lett. 2021; 521: 
142-54. 

52. Fox M, Mott HR, Owen D. Class IA PI3K regulatory subunits: 
p110-independent roles and structures. Biochem Soc Trans. 2020; 48: 1397-417. 

53. Chen PH, Yao H, Huang LJ. Cytokine Receptor Endocytosis: New Kinase 
Activity-Dependent and -Independent Roles of PI3K. Front Endocrinol 
(Lausanne). 2017; 8: 78. 

54. Ma XL, Shen MN, Hu B, Wang BL, Yang WJ, Lv LH, et al. CD73 promotes 
hepatocellular carcinoma progression and metastasis via activating 

PI3K/AKT signaling by inducing Rap1-mediated membrane localization of 
P110beta and predicts poor prognosis. J Hematol Oncol. 2019; 12: 37. 

55. Xu M, Moresco JJ, Chang M, Mukim A, Smith D, Diedrich JK, et al. SHMT2 
and the BRCC36/BRISC deubiquitinase regulate HIV-1 Tat K63-ubiquitylation 
and destruction by autophagy. PLoS Pathog. 2018; 14: e1007071. 

56. Afratis N, Gialeli C, Nikitovic D, Tsegenidis T, Karousou E, Theocharis AD, et 
al. Glycosaminoglycans: key players in cancer cell biology and treatment. 
FEBS J. 2012; 279: 1177-97. 

57. Luo Q, Wu X, Nan Y, Chang W, Zhao P, Zhang Y, et al. TRIM32/USP11 
Balances ARID1A Stability and the Oncogenic/Tumor-Suppressive Status of 
Squamous Cell Carcinoma. Cell Rep. 2020; 30: 98-111 e5. 

58. Park H, Lee S, Shrestha P, Kim J, Park JA, Ko Y, et al. AMIGO2, a novel 
membrane anchor of PDK1, controls cell survival and angiogenesis via Akt 
activation. J Cell Biol. 2015; 211: 619-37. 

59. Park SG, Schulze-Luehrman J, Hayden MS, Hashimoto N, Ogawa W, Kasuga 
M, et al. The kinase PDK1 integrates T cell antigen receptor and CD28 
coreceptor signaling to induce NF-kappaB and activate T cells. Nat Immunol. 
2009; 10: 158-66. 

60. Pinner S, Sahai E. PDK1 regulates cancer cell motility by antagonising 
inhibition of ROCK1 by RhoE. Nat Cell Biol. 2008; 10: 127-37. 

61. Checler F. Alzheimer's and prion diseases: PDK1 at the crossroads. Nat Med. 
2013; 19: 1088-90. 

62. Zimmermann P, Zhang Z, Degeest G, Mortier E, Leenaerts I, Coomans C, et al. 
Syndecan recycling [corrected] is controlled by syntenin-PIP2 interaction and 
Arf6. Dev Cell. 2005; 9: 377-88. 

63. Lin J, Jin J, Shen Y, Zhang L, Gong G, Bian H, et al. Emerging protein 
degradation strategies: expanding the scope to extracellular and membrane 
proteins. Theranostics. 2021; 11: 8337-49. 

64. Mines MA, Goodwin JS, Limbird LE, Cui FF, Fan GH. Deubiquitination of 
CXCR4 by USP14 is critical for both CXCL12-induced CXCR4 degradation and 
chemotaxis but not ERK ativation. J Biol Chem. 2009; 284: 5742-52. 

65. Carvallo L, Munoz R, Bustos F, Escobedo N, Carrasco H, Olivares G, et al. 
Non-canonical Wnt signaling induces ubiquitination and degradation of 
Syndecan4. J Biol Chem. 2010; 285: 29546-55. 

66. Palmer AL, de Jong A, Leestemaker Y, Geurink PP, Wijdeven RH, Ovaa H, et 
al. Inhibition of the Deubiquitinase Usp14 Diminishes Direct MHC Class I 
Antigen Presentation. J Immunol. 2018; 200: 928-36. 

67. Liu B, Chen J, Zhang S. Emerging role of ubiquitin-specific protease 14 in 
oncogenesis and development of tumor: Therapeutic implication. Life Sci. 
2019; 239: 116875. 

68. Sharma A, Alswillah T, Kapoor I, Debjani P, Willard B, Summers MK, et al. 
USP14 is a deubiquitinase for Ku70 and critical determinant of 
non-homologous end joining repair in autophagy and PTEN-deficient cells. 
Nucleic Acids Res. 2020; 48: 736-47. 

69. Wang F, Ning S, Yu B, Wang Y. USP14: Structure, Function, and Target 
Inhibition. Front Pharmacol. 2021; 12: 801328. 

70. Lv C, Wang S, Lin L, Wang C, Zeng K, Meng Y, et al. USP14 maintains 
HIF1-alpha stabilization via its deubiquitination activity in hepatocellular 
carcinoma. Cell Death Dis. 2021; 12: 803. 

71. Wang Y, Jiang Y, Ding S, Li J, Song N, Ren Y, et al. Small molecule inhibitors 
reveal allosteric regulation of USP14 via steric blockade. Cell Res. 2018; 28: 
1186-94. 

72. Brown DA. Lipid rafts, detergent-resistant membranes, and raft targeting 
signals. Physiology (Bethesda). 2006; 21: 430-9. 

 


